Protein kinases transduce signals to regulate a wide array of cellular functions in eukaryotes. A generalizable method for optical control of kinases would enable fine spatiotemporal interrogation or manipulation of these various functions. We report the design and application of single-chain cofactor-free kinases with photoswitchable activity. We engineered a dimeric protein, pdDronpa, that dissociates in cyan light and reassociates in violet light. Attaching two pdDronpa domains at rationally selected locations in the kinase domain, we created the photoswitchable kinases psRaf1, psMEK1, psMEK2, and psCDK5. Using these photoswitchable kinases, we established an all-optical cell-based assay for screening inhibitors, uncovered a direct and rapid inhibitory feedback loop from ERK to MEK1, and mediated developmental changes and synaptic vesicle transport in vivo using light.
K
inase-mediated phosphorylation of serine, threonine, and tyrosine residues is a widespread mechanism of protein regulation, occurring on 40% of eukaryotic proteins (1) . Because downstream responses often depend on the location, amplitude, and duration of protein phosphorylation (2, 3) , methods to control kinases in space and time would aid in understanding signal transduction inputoutput relationships and in predicting the therapeutic utility of kinase modulation in disease. Optical control of protein activity can achieve high spatiotemporal resolution that would not be possible with pharmacological or conventional genetic methods. A variety of natural photosensory domains have been used to achieve optical control of protein activity via relocalization (4) (5) (6) (7) (8) (9) (10) (11) (12) , sequestration (13, 14) , fragment complementation (7, 15) , induced avidity or concentration (16) (17) (18) , or allostery (19) (20) (21) (22) (23) . Optical activation of certain serine/ threonine/tyrosine kinases has been achieved by relocalization to the plasma membrane ( fig. S1A ) and of certain receptor tyrosine kinases by clustering (fig. S1B) (24) (25) (26) (27) (28) (29) . Optical inhibition of kinases has also recently been reported ( fig. S1C ) (19) . However, a generalizable design for singlechain light-activatable kinases that can function regardless of subcellular location has not previously been described.
To link optical inputs with kinase activity, we envisioned modular single-chain protein architectures that undergo large conformational changes in response to light. We hypothesized that we could genetically attach dimerizing domains at two locations flanking a kinase active site so that the intramolecular dimer would sterically hinder substrate access at baseline, thereby caging the kinase. If the dimerizing domains were photodissociable, then illumination would convert the polypeptide into an open conformation and induce kinase activity (fig. S1D). As no natural dimeric domains are dissociated by visible light, we engineered one from the photodissociable tetrameric green fluorescent protein (FP) Dronpa145N (30) . By rationally introducing mutations to break the antiparallel dimer interface, strengthen the cross-dimer interface in Dronpa145N, and improve maturation, we created a photodissociable dimeric Dronpa domain, pdDronpa1 (supplementary text and figs. S2 and S3). Like its parent Dronpa145N, pdDronpa1 was photodissociated and its fluorescence switched off by 500-nm cyan light, and photoassociated and its fluorescence restored by 400-nm violet light (Fig.  1A) . Conveniently, pdDronpa1 was brighter than Dronpa145N in mammalian cells ( fig. S4A ) but required less light for off-photoswitching ( fig.  S4B ). Fusion of two copies of pdDronpa1 to a protein of interest also caused less aggregation in cells than did Dronpa145N ( fig. S4C ). pdDronpa1 has a dissociation constant (K d ) of 4.0 mM as measured by analytical ultracentrifugation (table S2) , making it suitable for intramolecular dimerization (31) .
We set out to create single-chain optically controllable MEK1 using pdDronpa1 domains. The Raf-MEK-ERK signaling pathway plays vital roles in cell proliferation, differentiation, apoptosis, and migration (32) , with cellular outcomes depending strongly on the dynamics of activation (33) (34) (35) . Although Raf1 and the upstream activator Sos can be optically regulated via lightinduced membrane recruitment (25, 26) , this is not suitable for controlling MEK, which is primarily localized to the cytosol regardless of pathway activity (36) . To create a light-induced MEK, we first determined locations where insertion of pdDronpa domains could cage activity in the nonilluminated dimerized state. In addition to fusion at a terminus of the kinase, insertion of pdDronpa within the kinase domain should be possible, as the N terminus (NT) and C terminus (CT) of pdDronpa are located near each other. We identified the FG loop in MEK1, located across the active site from the MEK1 NT (37), as a favorable insertion point for pdDronpa (Fig. 1B) . We thus explored caging MEK1 activity by fusing one pdDronpa1 domain at the kinase domain NT and a second one in the FG loop.
We We next tested whether active(DNT)MEK1 bearing dimerizing domains at the NT and in the FG loop would be caged at baseline. Indeed, attachment of pdDronpa1 domains at the NT and at amino acid 304 [creating proto-photoswitchable(DNT)MEK1, or proto-ps(DNT)MEK1] completely caged MEK1 activity to levels comparable to catalytically inactive MEK1 ( fig. S5D ). Other insertion points in the FG loop also allowed efficient caging ( fig. S5E ). We then tested the ability of proto-ps(DNT)MEK1 to be regulated by light. Illumination of cells expressing proto-ps(DNT)MEK1 induced pERK ( fig. S5F ). However, induced pERK levels were low relative to those produced by active(DNT)MEK1. Optical induction was enhanced by introducing an Asn 145 → Lys (N145K) mutation in the second pdDronpa1, creating ps(DNT)MEK1. However, ps(DNT)MEK1 after photoinduction was still less active than unfused active(DNT)MEK1 on ERK ( fig. S5F) .
In full-length MEK1, amino acids 1 to 60 contain a substrate docking site that enhances affinity for ERK by a factor of 5 to 10 (38) . Restoring this sequence to the NT of proto-ps(DNT)MEK1 increased both basal and induced activity ( fig.  S5G ). When we introduced Val 158 → Ile mutations into the pdDronpa1 domains to strengthen hydrophobic contacts at the dimeric interface, creating pdDronpa1.2 ( fig. S5H ), basal activity was reduced while robust light responsiveness was maintained ( fig. S5G ). Maximal photoinduced pERK levels with this construct, designated photoswitchable MEK1 (psMEK1), were higher than with 20% serum stimulation (Fig. 1C) . Basal ERK phosphorylation was further suppressed by reducing the length of the N-terminal linker, as expected for a steric caging mechanism, creating psMEK1tight (Fig. 1C) . Topologically, psMEK1 and psMEK1tight can be considered full-length constitutively active forms of MEK1 with insertions of pdDronpa1.2 before amino acids 61 and 305 ( fig. S6, A and B) .
We investigated whether our approach could be generalized to other serine/threonine kinases, which all share a similar three-dimensional structure (39) . We first ported the psMEK1 design to the closely related MEK2 (85% identical in the kinase domain; Fig. 1D ). Replacing the constitutively active MEK1 sequences in psMEK1 with homologous sequences from constitutively active MEK2 ( fig. S6C ) produced a robust photoswitchable MEK2 (psMEK2) that mediated lightinduced ERK phosphorylation to levels similar to serum stimulation without further optimization (Fig. 1E ). The photoswitchable kinase design thus appears easily generalizable within the same kinase family. We next attempted to construct a photoswitchable variant of Raf1, the kinase immediately upstream of MEK1, which is only 22% identical in the kinase domain (Fig. 1F) . Previous studies have found that membrane targeting is sufficient for Raf1 activation (40) . To create photoswitchable Raf1 (psRaf1), we appended a CAAX signal to the CT of the wild-type Raf1 kinase domain and attached pdDronpa1 and pdDronpa1 K145 at sites homologous to those in psMEK1 ( fig.  S6D ). Cyan-illuminated psRaf1 induced pERK to levels similar to serum stimulation, whereas basal activity was comparable to that of untransfected cells (Fig. 1G) . Thus, the photoswitchable kinase design is generalizable to multiple kinases.
Optical control allows spatiotemporal precision in induction, but in the case of our photoswitchable kinases, the ability to restore pdDronpa dimerization with violet light may allow recaging and thereby precise termination of kinase activity as well. Using psMEK1 and a translocation reporter of ERK phosphorylation, ERK KTR-mRuby2 (41) fig. S8 ). We also found that the effects of psMEK1 could be rapidly reversed with violet light, enabling multiple rounds of kinase activation and inactivation (Fig. 1H ). Finally, we tested whether photoswitchable kinases induced effects similar to those of the native kinases, and found that Dronpa fusions did not affect kinase activation, kinetics, pathway dynamics, or substrate specificity (supplementary text and fig. S9 ).
The ability to control kinase activity with light and the availability of optical reporters such as ERK KTR suggests an all-optical method for kinase inhibitor screening, which would offer certain advantages. Photoinduction would be specific to the introduced photoswitchable kinase, whereas serum or growth factor stimulation would activate multiple pathways. By bypassing upstream steps ( Fig. 2A) , photoinduction enables screening for inhibitors specific for particular downstream steps. Furthermore, the timing of imaging can be optimized to identify inhibitors with immediate rather than delayed effects. We devised a screening procedure in which cells stably expressing psMEK1 and ERK KTR-mRuby2 were incubated with drug candidates and then stimulated by cyan light during time-lapse microscopy of ERK KTR (Fig. 2B) . Effective inhibitors were expected to block light-induced ERK KTR translocation. Testing the ERK inhibitors SCH772984 and VX-11e and the MEK inhibitor U0126, we found that all three inhibitors prevented lightinduced KTR translocation as expected (Fig. 2C) . Inhibitors against the upstream proteins Raf1 and EGFR did not block the light-induced ERK phosphorylation (Fig. 2C) , also as desired. These results demonstrated that all-optical kinase assays can allow the identification of inhibitors specifically against MEK or ERK, kinases of current clinical interest (42, 43) . This concept should be adaptable to other kinases for which photoswitchable variants can be made.
We next used the photoswitchable kinases to investigate negative feedback in the Raf-MEK-ERK pathway. We observed that illumination of psRaf1 induced pERK, peaking at 2 min and then decaying ( fig. S10A ). Seeking to understand the mechanism of this rapid down-regulation, we first asked whether down-regulation occurred only at the level of ERK or upstream of it. The activation loop in psMEK1 contains phosphomimetic sites to render the kinase domain constitutively active, so psMEK1 cannot be down-regulated by dephosphorylation. Thus, photoinduction of psMEK1 can specifically test for the presence of negative feedback directly on ERK. We found that increasing activation of psMEK1 resulted in increasing pERK in a nearly linear fashion ( fig. S10B ), which suggests that down-regulation of pERK after psRaf1 photoinduction occurred upstream of ERK, at the level of psRaf1 or endogenous MEK1/2.
We asked whether psRaf1 photoinduction causes biphasic activation and down-regulation of endogenous MEK1/2. To separate Raf1 activity and downstream feedback events in time, we took advantage of the bidirectionally photoswitchable nature of psRaf1 to create a short pulse of Raf1 activity. We verified that psRaf1 fluorescence was effectively switched off by a 2-min pulse of 500-nm light at 20 mW/cm 2 and fully recovered by 3 s of 400-nm light at 10 mW/cm 2 (Fig. 3A) . We performed a pulse of photoinduction of psRaf1 using these conditions, then collected samples over time to track the fate of MEK1/2 phosphorylated at activating sites 218 and 222 (pMEK-218/222) during the cyan light pulse (Fig.  3B) . pMEK-218/222 was down-regulated at later times (Fig. 3, C to E) , confirming that psRaf1 photoinduction led to negative feedback on endogenous MEK1/2.
As psRaf1 was recaged after the cyan pulse period, the pMEK-218/222 signal at all time points assayed was generated during the pulse. Thus, the reduced levels of pMEK-218/222 at later time points could not have been due to down-regulation of psRaf at these later times, but instead must have been due to a phosphatase acting on the pMEK-218/222 produced during the pulse. The PP1/PP2A inhibitor okadaic acid blocked negative feedback on pMEK-218/222 after pulsed psRaf1 photoinduction (Fig. 3, C and E) ; this finding suggests that the responsible phosphatase was PP1 or PP2A, which has been suggested to dephosphorylate MEK1/2 (44) . Finally, we asked whether dephosphorylation was dependent on ERK activity. Indeed, down-regulation of pMEK-218/222 was blocked by the ERK inhibitor SCH772984 (Fig. 3, D and  E) . Taken together, these results indicate the existence a negative feedback pathway in which ERK induces PP1 or PP2A to dephosphorylate MEK1/2 at positions 218 and 222 (Fig. 3F) , terminating further activation of ERK and subsequently allowing dephosphorylation of ERK by mitogen-activated protein kinase phosphatases to dominate. Several mechanisms have been proposed to generate feedback inhibition in the Raf-MEK-ERK pathway, including endocytosis and degradation of tyrosine kinase receptors (2, 45), phosphorylation of regulatory sites (34, 42, 46) , and transcriptional regulation of phosphatases (47) . However, none of these reported mechanisms directly reverses the biochemical changes generated by pathway activation (Fig. 3F) . Moreover, although PP1 or PP2A have been known to down-regulate the Raf-MEK-ERK pathway (42) , it was unclear whether they are rapidly regulated by pathway activity. A major impediment to deciphering feedback inhibition was the inability of biochemical methods to create a short pulse of activity specific to the Raf-MEK-ERK cassette to observe time courses of down-regulation. We used the bidirectional photoswitchability of psRaf1 to create a pulse of activity, which revealed that dephosphorylation of MEK at positions 218 and 222 by PP1 or PP2A is induced by ERK (Fig.  3F ). Adding to recent work with heterodimeric optobiochemical systems (25, 26) , these findings highlight how the ability of photoswitchable proteins to create pulses of activity can be useful for kinetic assessment of downstream events. Finally, we determined whether psRaf1 and psMEK1 can induce physiological effects in a light-dependent manner in a living animal. In the roundworm C. elegans, the Raf-MEK-ERK pathway is activated by bacterial rectal infection to induce a protective tail-swelling response (48) . We confirmed that expressing active(DNT)MEK1 and Raf1-CAAX constructs in hypodermis and gut cells induced tail swelling with 80% penetrance ( Fig. 4A and fig. S11 ). We then asked whether ps(DNT)MEK1 or psRaf1 can induce these effects in a light-dependent manner. Worms expressing ps(DNT)MEK1 or psRaf1 showed no or very low rates of tail swelling in the dark (0 or 2% penetrance, respectively), which suggests that the activities of ps(DNT)MEK1 and psRaf1 were well caged in vivo. In contrast, after exposure to low-intensity (0.7 mW/cm 2 ) cyan light for 24 to 48 hours, worms expressing psMEK1 or psRaf1 exhibited tail swelling with 73% (psMEK1) Fig. 4 . Optical control of kinase activity in living animals. (A) Wild-type C. elegans worms showed no swollen tails even when grown in 500-nm light, whereas 80% of worms expressing Dronpa145K-active(DNT)MEK1 and Dronpa145K-Raf1-CAAX exhibited swollen tails in the dark (n = 146). All worms expressing psMEK1 in the dark had normal tail shape (n = 50), whereas 73% of worms expressing psMEK1 in cyan light showed tail swelling (n = 15). Among worms expressing psRaf1, 98% had normal tail shape in the dark (n = 83) and 79% showed tail swelling in light (n = 34). (B) In wild-type worms, synaptic vesicles marked by RAB-3-GFP localize exclusively in the axon. In cyy-1 mutants, RAB-3-GFP is partly mislocalized to the dendrite. In cyy-1;cdk-5 double-mutant worms, nearly all RAB-3-GFP localized to the dendrite. Green and red arrows mark vesicles located in the axon and dendrite, respectively. (C) Light-dependent restoration of CDK5 function in cdk-5;cyy-1 worms. Nearly all RAB-3-mCherry in cyy-1;cdk-5 worms expressing psCDK-5 localized in the dendrite in the absence of light (n = 11), similar to cyy-1;cdk-5 worms. Cyan illumination restored axonal localization of some vesicles (n = 10), similar to the phenotype of cyy-1 worms. The light effect was statistically significant (P = 0.006, unpaired two-sided t test). Error bars denote SEM. Worms were exposed to 400-nm light at 0.7 mW/cm 2 for 24 to 48 hours before imaging.
or 79% (psRaf1) penetrance (P < 0.0001 compared to nonilluminated penetrance by twosided Fisher's exact test). These results show that the psMEK1 and psRaf1 proteins enable optical control over the Raf-MEK-ERK pathway in a living animal.
To further demonstrate the generalizability of the photoswitchable kinase design and its ability to investigate protein in vivo, we created a photoswitchable cyclin-dependent kinase 5 (psCDK5) in the same manner as psMEK1 and psRaf1 ( fig.  S6E ). In multiple animal species, CDK5 regulates the differentiation and maintenance of neuronal structures (49) . In worms, loss of CDK5 enhances the phenotype of cyclin Y deficiency, in which synaptic vesicles mislocalize to the dendrite of the DA9 neuron (50) . Specifically, cyy-1;cdk-5 worms mislocalize nearly all vesicles to dendrites, whereas in cyy-1 worms, only a fraction of vesicles are mislocalized (Fig. 4B) . We hypothesized that cyy-1;cdk-5 worms expressing psCDK5 would exhibit light-dependent restoration toward the cyy-1 phenotype, in which the majority of vesicles are situated correctly in axons. We found that nearly all vesicles in psCDK5-expressing cyy-1;cdk-5 worms distributed in the dendrite in the dark, as expected. After exposure of these worms to 24 hours of cyan light at 0.7 mW/cm 2 , significantly more vesicles appeared in axons (P = 0.006, two-sided t test), resembling the phenotype of cyy-1 worms (Fig. 4C) . These results show that a photoswitchable kinase can recapitulate wild-type kinase functionality in the photoinduced state.
In addition to bidirectional photocontrol of activity, the autocatalytic and fluorescent chromophore of pdDronpa also allows independence from biochemical cofactor availability and enables self-reporting of the activation state. Only the testing of several linker lengths and pdDronpa affinity variants was required to create different light-regulated constructs. Our experience suggests a rational process for optimizing a photoswitchable variant for a given kinase of interest ( fig. S12 ). Because all serine/threonine and tyrosine kinases have the same basic scaffold (39), our approach could potentially be applied to impart optical control to many kinases.
Our work also suggests that pdDronpa insertion may be a versatile method for optobiochemical control beyond kinases. Loops occur frequently near functional surfaces of proteins, as they serve to link secondary structural elements. We found that pdDronpa domains can be inserted into loops of a protein of interest while preserving the functions of both pdDronpa and the protein. Thus, it may be possible to use pdDronpa to control the accessibility of many protein surfaces in a light-dependent manner.
